Introduction
[2] At a planetary bow shock (BS), the supermagnetosonic solar wind is slowed and heated, forming a downstream magnetosheath (MSH) region of hot and dense plasma. Although the magnetosheath properties immediately downstream of the bow shock are driven by solar wind conditions, the dynamic evolution of magnetosheath plasmas as they flow toward the magnetosphere is important in the understanding of magnetospheric dynamics because it is the plasmas and magnetic fields at the inner boundary of the MSH that interact with a planetary magnetosphere. Studying the plasma environment in the MSH for a large range of solar wind conditions at different planetary bodies is therefore vital for understanding the mechanisms by which the solar wind interacts with solar system objects that have intrinsic magnetic fields. Here, we present the first study of Mercury's magnetosheath plasma environment.
[3] Early hydrodynamic simulations of solar wind incident on planetary magnetospheric systems [Spreiter et al., 1966] predicted that in the subsolar MSH, the plasma density along the stagnation streamline should monotonically increase toward the magnetopause (MP). Hydrodynamics does not account, however, for the interplanetary magnetic field, which is substantially altered and intensified across the BS [Midgley and Davis, 1963; Lees, 1964] and can become dynamically important. Downstream of the BS, a fast-mode shock front under most conditions, the solar wind plasma is submagnetosonic. Farther, in the vicinity of the stagnation streamline, the flow becomes subsonic and sub-Alfvénic, as the magnetic field drapes around and is compressed against the planetary MP boundary. The compression of magnetic flux led Zwan and Wolf [1976] to predict that the compressed field would generate a force that squeezes plasma away from the subsolar region, resulting in a decreasing density near the subsolar MP and the formation of a layer with depleted plasma density, the "plasma depletion layer" (PDL).
[4] For a given size obstacle to the solar wind, Zwan and Wolf [1976] argued that the PDL thickness should vary inversely with the square of the upstream Alfvénic Mach number (M A ), as illustrated in Figure 1 . For the case of a high M A , the plasma β -the ratio of plasma pressure to magnetic pressure -downstream of the BS is high, i.e., the plasma pressure dominates the magnetic pressure, and the plasma is fluid-like. Here, the draped field piles up only in a small region near the MP. For the case of low M A , in contrast, the plasma β downstream of the BS is low, and the magnetic pressure increases over a large region in the MSH. The depletion of plasma also increases the local Alfvén speed, resulting in a larger fraction of the subsolar magnetosheath with subAlfvénic flow speeds.
[5] PDLs have long been observed at Earth [Cummings and Coleman, 1968; Crooker et al., 1979; Fuselier et al., 1991; Anderson and Fuselier, 1993; Paschmann et al., 1993; Song et al., 1993; Anderson et al., 1994 Anderson et al., , 1997 Phan et al., 1994 Phan et al., , 1997 Farrugia et al., 1997; Moretto et al., 2005] leading to updated theoretical predictions Kivelson, 1992, 1995] and the successful reproduction of the phenomena with magnetohydrodynamic (MHD) simulations that take into account both magnetic field and hydrodynamic effects [Lyon, 1994; Denton and Lyon, 2000; Siscoe et al., 2002; Erkaev et al., 2003; Wang et al., 2003 Wang et al., , 2004 Nabert et al., 2013] . Plasma depletion is a general process and occurs any time that magnetic flux is draped and compressed against an obstacle as demonstrated in studies of flux pileup and plasma depletion at Venus [Luhmann, 1986; Zhang et al., 1991] , Mars [Bertucci et al., 2003a; Øieroset et al., 2004] , Saturn [Slavin et al., 1983; Violante et al., 1995] , and even in the sheath of interplanetary coronal mass ejections [Liu et al., 2006a] .
[6] The formation of PDLs is a consequence of the dynamic balance between magnetic flux pileup and subsolar magnetic reconnection, which corresponds to a flow of plasma inward through the magnetopause that serves to transport magnetic flux away from the subsolar region. The occurrence of plasma depletion therefore provides insight into the intensity of flux transport via magnetic reconnection. However, plasma depletion also acts to promote magnetic reconnection, because compared with the near-BS sheath, PDLs have a reduced plasma β and increased Alfvén speed, leading to higher magnetic reconnection rates [Slavin and Holzer, 1979; Scurry et al., 1994] . At Earth, these layers typically form during periods of extended northward interplanetary magnetic field (IMF) [Song et al., 1990; Phan et al., 1994; Anderson et al., 1997] . They have also been observed, however, during periods of southward IMF with high upstream Alfvénic Mach numbers (~8-10) [Anderson et al., 1997] or high plasma density [Moretto et al., 2005] in which the high plasma β inhibits reconnection despite a thin magnetic barrier. Flux pileup and plasma depletion have rarely been studied in the low M A (3-5) regime. Such events are observed primarily during the impact of large coronal mass ejection on a magnetosphere [Farrugia et al., 1995] . Farrugia et al. [1995] found that PDL formation is possible under low M A even if the IMF is southward because of the extremely thick magnetic barrier region.
[7] Compared with the situation at Earth and the outer planets, at Mercury the average upstream M A is lower and the solar wind forcing is stronger . In addition, Mercury's magnetosphere is smaller relative to both the planet's radius and key plasma scale lengths, and it exhibits higher MP reconnection rates [Slavin et al., 2009; DiBraccio et al., 2013] . The magnetosheath conditions at Mercury, both as imposed at the outer boundary by the solar wind and at the magnetopause, are seldom experienced elsewhere in the solar system. Studying magnetosheath plasma depletion at Mercury can thus reveal key dynamics of flux pileup in a low-β MSH environment. Here, we present the first study of plasma depletion at Mercury, using data from the Magnetometer (MAG) instrument [Anderson et al., 2007] and Fast Imaging Plasma Spectrometer (FIPS) sensor [Andrews et al., 2007] on the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft [Solomon et al., 2001] .
[8] In the next section, we introduce a new method for the determination of plasma parameters that results in estimates of density and temperature for the partial particle distribution functions measured by FIPS, given its partially obstructed view from behind MESSENGER's sunshade. These parameters can be recovered in subsonic regions of Mercury's space environment. We then apply the Rankine-Hugoniot shock jump conditions across Mercury's bow shock to the MAG and FIPS data to infer upstream M A values for selected orbits. With decreasing M A , a larger fraction of the subsolar magnetosheath is sub-Alfvénic, as indicated by the blue shaded region. In addition, a thicker region of magnetic flux pileup is evident by an increase in |B| and a decrease in plasma density, n. The Alfvén speed (V A ) and sound speed (V S ) are also shown for both cases.
In the subsequent section, we apply the FIPS-derived plasma parameters in conjunction with magnetic field data from MAG to investigate magnetic flux pileup and plasma depletion in Mercury's magnetosheath. Finally, we offer a synthesis of these results with observations of plasma depletion at other planetary bodies.
Plasma Parameters From FIPS
[9] FIPS is a time-of-flight (TOF) mass spectrometer that measures the mass-per-charge (m/q) and energy-per-charge (E/q) ratios of incident ions. The novel electrostatic analyzer (ESA) design enables instantaneous field-of-view (FOV) imaging of~1.4π sr about its boresight direction. The arrival direction of ions is mapped with an angular resolution of 15°using a position-sensing anode. The spacecraft sunshade and other parts of the structure partially obstruct the FIPS detector, so the instantaneous FOV is approximately 1.15π sr. The TOF measurement allows separation of m/q between 1 and 40 amu/e. For the data presented here, the sensor stepped from 46 eV/e to 13.7 keV/e in 60 logarithmically spaced E/q steps with an integration time of 50 ms at each step and a total scanning time of~10 s. Data from only E/q steps greater than 100 eV/e were used in this study. For TOFs corresponding to H + , the distributions of particle detection rate versus E/q were calculated onboard to conserve telemetry downlink volume. These rate-energy spectra are used here because they are available continuously, whereas three-dimensional proton distributions are telemetered only sporadically. A more complete description of FIPS operation and its capabilities has been given by Andrews et al. [2007] .
Density and Temperatures Estimates for Subsonic Plasmas
[10] Since the solid angle detected by FIPS is less than one third of the ideal 4π sr corresponding to a full view of all arrival directions, we applied an inversion method to recover moment estimates from partially observed distributions. Techniques that use spherical harmonics or other fitting functions to match measured data have been successfully used to derive plasma properties from partially observed distribution functions [Feldman et al., 1975; Pilipp et al., 1987; Maksimovic et al., 1997 Maksimovic et al., , 2005 Skoug et al., 2000; NievesChinchilla and Viñas, 2008; Viñas and Gurgiolo, 2009] . Here, we use partial plasma moments to recover estimations of plasma density and temperature from E/q spectra only. We assume only subsonic flow and near-isotropy. An analogous technique was used by Gershman et al. [2012] to recover velocity and temperature estimates from E/q energy spectra under the assumption of supersonic flow. We build upon the method used by Raines et al. [2011] and Zurbuchen et al. [2011] , by which E/q spectra corresponding to a series of isotropic, stationary Maxwellian distributions with varying plasma density (n) and temperature (T) were generated from an instrument forward model of FIPS and then matched to orbital observations. This new moment-based approach enables recovery of n and T from measured data at high cadence without fitting.
[11] From Raines et al. [2011] , the conversion between plasma phase space density ( f ) and the number of measured counts at the i th E/q step (N i ) as a function of particle speed (v i ) is
[12] Here, g i is the geometric factor of the ESA, ε i is the combined efficiency of the particle detectors, Δt is the time accumulation per energy step, and sin(θ)ΔθΔφ is the solid angle of incident particles over which the counts are accumulated at polar angle θ and clock angle φ. All quantities are in the instrument frame with θ FIPS = 0°corresponding to the FIPS boresight vector. For an individual event, sin(θ)ΔθΔφ corresponds to the solid angle that maps to the appropriate detector pixel on the position-sensing anode. Because we use proton rate spectra instead of individual events, the solid angle of interest is the total integrated FOV, ΔΩ ≈ 1.15π sr.
[13] Because N i is a strongly increasing function of v i , there is a velocity threshold, v min , below which the average counts per integration time is less than unity, i.e., N i < 1. Except for very dense or cool plasmas, the energy spectrum will exhibit a low-energy cutoff that could be misinterpreted as a signature of an accelerated or flowing distribution, when in actuality the plasma is Maxwellian and nearly stagnant. To avoid this ambiguity in our analysis, the velocity threshold (v min ) for a particular distribution is specifically identified as the lowest energy-per-charge step for which there is at least one other measured event within three adjacent E/q channels. The velocity corresponding to the highest energy-per-charge step of the sensor is denoted as v max , and only channels with incident velocities between v min and v max are used to estimate phase space density following equation 1.
[14] The velocity distribution in units of s 
[15] Here, the thermal velocity is defined as v th ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi k B T =m p , where k B is Boltzmann's constant and m is the mass of the particle. The plasma parameters n o and T can be recovered by taking moments of a distribution function in spherical coordinates using
and
[16] These moments must be rewritten in terms of the velocity range and angular FOV of FIPS. Here, we first denote the observed E/q distribution function integrated over the FIPS FOV as f obs , in units of s À3 m À6 sr, i.e.,
[17] We then integrate equations 3 and 4 from v min to v max and over the actual angular FIPS FOV, ΔΩ ≈ 1.15π sr. This integration yields the following relationships between moments of f obs and the plasma parameters n o and T,
where erf is the error function. Here, f obs is implicitly assumed to be isotropic since the solid angle integral becomes a scalar,ΔΩ. With known f obs , ΔΩ, v min , and v max , equations 6 and 7 form a system of equations that can be solved numerically to obtain estimates of n o and T.
[18] This recovery of plasma parameters was tested with synthetic data from the FIPS forward model used by Raines et al. [2011] and Zurbuchen et al. [2011] , and a detailed analysis of errors associated with this inversion method is presented in Appendix A. For a broad range of bulk plasma flows (v o /v th ≲ 0.5) and temperature ratios (0.5 ≲ T ⊥ /T || ≲ 5), where T || and T ⊥ are the plasma temperature along and perpendicular to the direction of the local magnetic field, respectively, the recovery error primarily scales inversely with the total number of counts in an E/q distribution. The relative density and temperature errors scale as 7.02 N À0.96 and 1.10 N À0.64 , respectively. Density errors for plasmas will increase with higher flow speeds, i.e., v o /v th > 0.5. However, for the special case of a bulk flow nearly perpendicular to the FIPS boresight direction, the accumulation of such a distribution over the wide FIPS FOV results in low recovery errors (<20%) that are nearly independent of plasma flow speed (Appendix A).
[19] As an example recovery, Figure 2 shows recovered density and temperature for a MESSENGER magnetospheric transit for which the spacecraft traversed the nightside plasma sheet and the subsolar magnetosheath. Both of these regions are expected to contain plasmas that are highly subsonic. The plasma sheet is hot and tenuous with n p~5 cm À3 and T p~1 0 MK, and the magnetosheath is cooler and denser with n p~1 00 cm À3 and T p~2 MK. Because of the higher temperature and lower density of the plasma sheet, the measured flux appears misleadingly peaked in energy per charge. However, the number of measured events in each scan is high (i.e., N > 100), leading to low expected plasma parameter recovery errors.
[20] The proton thermal pressure was multiplied by 1.1 to account for the partial pressure of He 2+ , which should have an abundance of 1-4% and a temperature up to 4 times that of the protons [Fuselier et al., 1991] . Electron and other heavy ion thermal pressures are neglected because of their low expected temperatures and small abundances, respectively [Paschmann et al., 1993; Phan et al., 1994; Wang et al., 2012] . Not only are the recovered densities and temperatures consistent with expectations of plasma parameters for these regions, but the calculated plasma thermal pressures approximately account for the diamagnetic depression observed in the magnetic field measurements in the plasma sheet and the jump in the magnetic field magnitude at the MP .
[21] As shown in Figure 2 , density and temperature are estimated in the magnetosheath only from the MP to 75% of the distance to the BS. This restriction is enforced to minimize effects of downstream plasma flow and BS dynamics on the recovered parameters. In addition, bursty flows that can accompany flux transfer events or boundary crossings that occur during a fraction of a FIPS energy-per-charge scan time [DiBraccio et al., 2013] can lead to an erroneous recovery. Such events must be analyzed in detail and are excluded here. Further difficulties arise in analysis of cusp-like plasmas, which may exhibit substantial directional anisotropy due to precipitation loss to the planetary surface.
Estimates of Upstream Solar Wind Speeds
[22] Solar wind speeds and temperatures for multiple ion species are intermittently available from FIPS observations outside of Mercury's bow shock [Gershman et al., 2012] . However, these parameters are not necessarily recoverable for every orbit and are a strong function of spacecraft orientation. Fortunately, observations made in the flanks of Mercury's magnetosheath present another opportunity to estimate the solar wind bulk speed. In these regions, the plasma is substantially heated, but only slightly slowed [Spreiter et al., 1966] , resulting in a plasma that is easily observable by FIPS nearly independent of spacecraft orientation. In the example shown in Figure 3 , a MESSENGER crossing of the bow shock in the magnetosheath flank, the measured flux substantially increased, but the derived flow speed was reduced only by approximately 15%, consistent with expectations from hydrodynamic shock theory [Spreiter et al., 1966] . When solar wind speeds are not directly recoverable outside of the bow shock we estimate the upstream solar wind speed from magnetosheath-recovered values by multiplying the sheath flow speed by 1.15.
Estimates of Upstream M A
[23] The plasma density is not directly recoverable from FIPS observations outside the bow shock or inside the flanks of the magnetosheath. However, we can estimate the upstream solar wind dynamic pressure from the Rankine-Hugoniot shock jump conditions and combined FIPS and MAG observations made in the subsolar magnetosheath. Given a static, planar shock geometry, we use the subscripts "n" and "t" to denote the normal and tangential components of vectors with respect to the shock, respectively. Quantities observed directly upstream and downstream of the shock are denoted with subscripts "u" and "d", respectively.
[24] The shock normal,n, and shock angle, θ BN , can be computed from three-dimensional upstream and downstream velocity and magnetic field measurements [Abraham-Shrauner, 1972] . Because three-dimensional plasma velocity is not available on both sides of the shock, we are limited to using magnetic field data only. However, shock angles calculated from only magnetic field data tend to suffer from large uncertainties [Schwartz, 1998] . Therefore, for the analysis presented here, θ BN is calculated using the surface model normal direction [Slavin et al., 1980] as determined by Winslow et al. [2013] and a 1 min average of the IMF upstream of the bow shock (B u ).
[25] With a measured B u from MAG and a model shock normal,n , the component of the magnetic field normal to the shock, B n , can be computed:
[26] Since B n is constant across the shock, the tangential components can be found using B n and 1 min averages of field magnitude on either side of the bow shock, B u and
[27] Applying the Rankine-Hugoniot shock jump conditions, we can use the measured magnetic field from MAG and measured downstream thermal pressure (p d ) from FIPS to estimate the upstream solar wind dynamic pressure (see Appendix B)
wherev sw is the dimensionless unit vector corresponding to the solar wind flow direction, here taken to be radially outward from the Sun. The upstream Mach number can then be calculated from
[28] From equation 11, we see that M A can be calculated without knowledge of the upstream solar wind speed or density. When solar wind speed estimates are available from FIPS as described in section 2.2, they can be used with equation 10 to estimate the upstream solar wind density. Motion of the BS will result in errors in the calculation of M A. As will be discussed, however, we will apply this methodology only to orbits that show no evidence for multiple distinct bow shock crossings.
Plasma Depletion at Mercury
[29] The MESSENGER spacecraft is in a high-inclination, highly eccentric orbit around Mercury. As the planet orbits the Sun, the longitude of periapsis of the spacecraft moves through all local times with a period of 88 days, e.g., one Mercury year. Orbits with periapsis near local noon, as shown in Figure 4 , have been termed "hot-season" orbits because of the increased temperatures experienced by the spacecraft when the low-altitude portion of the orbit is over the dayside hemisphere. These seasons occur when Mercury is at heliocentric distances of R~0.4 AU. During these hot-season orbits, the spacecraft transits the MSH at low latitudes near the Sun-Mercury line, where the plasma is expected to be nearly stagnant. The spacecraft also passes through the magnetosheath southern flank near the orbital apoapsis. These regions are ideally suited for the application of the plasma parameter recoveries discussed in section 2, and therefore our analysis of magnetosheath plasmas is limited to only these types of orbits. The orbital period of MESSENGER around Mercury was 12 h during the spacecraft's primary mission (18 March 2011 -16 March 2012 and was lowered to 8 h in mid-April 2012 for the probe's first extended mission [McAdams et al., 2012] . The data used here come from four sets of hot-season orbits: 17-29 November 2011, 10-27 February 2012, and 29 July -12 August 2012.
[30] The coordinate system used here is the Mercury solar magnetospheric (MSM) system , in which the X axis is directed from the center of the internal field dipole (offset~0.2 R M north of the planet's center, where R M is Mercury's mean radius, 2440 km) to the Sun, the Z axis is directed northward along the planet's rotational axis, and the Y axis completes the right-handed coordinate system, as illustrated in Figure 4 . As discussed in section 2, plasma density and temperature estimates are obtained in the subsolar region downstream of the bow shock and inside the magnetosphere. Plasma velocity and temperature estimates can be obtained in the solar wind and inside the flanks of the magnetosheath, under favorable spacecraft orientation [Gershman et al., 2012] .
Orbit Selection and Data Accumulation
[31] Although the subsolar magnetosheath transits studied here take place over only a few minutes, Mercury's magnetosphere and magnetosheath exhibit a wide range of dynamics as evidenced by multiple BS and MP boundary crossings and MP flux transfer events. To study the PDL, however, stable conditions through a given MSH transit are required. Thus, in addition to limiting our analysis to hot-season orbits favorable for FIPS analysis, we also limit events to those with: (1) no distinct multiple complete BS or MP crossings that last several tens of seconds, i.e., several multiples of the FIPS scanning periods of 10 s; (2) no clear discontinuities or sector crossings evident in either the plasma or magnetic field data in the MSH; (3) no strong peaks in the E/q plasma spectra from FIPS that would indicate possible fast downstream flows or dynamics; and (4) approximate pressure balance between the MSH and MP (i.e., within 30%). Guided by these criteria, we identified 40 orbits that are suitable for analysis. Boundary crossings were identified following the procedure described by Winslow et al. [2013] . The MSH data were taken between the outermost (with respect to the planet) partial MP crossing and the innermost partial BS crossing. These selection criteria naturally favor quasi-perpendicular bow shock geometry because of the difficulties associated with the determination of precise boundary locations for quasi-parallel bow shocks.
[32] Pressure balance at the MP was examined by comparing 1 min averages of B ). Because of relative motions of the MP boundary and the spacecraft, the transition from MS to MSH can exhibit multiple partial MP crossings. Hence, the calculations of MS and MSH pressures from MESSENGER data may correspond to different radial distances from Mercury. To compensate for this effect, we scale the B 2 /2μ o value from the MS by the expected radial variation of a dipole field [Holzer and Slavin, 1978] , i.e., 1/R 3 MSM. It is this scaled pressure that is compared with the measured plasma thermal pressure.
[33] A number of metrics have been used to quantify plasma depletion. Early modeling work [Lees, 1964; Zwan and Wolf, 1976; Siscoe et al., 2002] focused on the "depletion factor," the ratio of plasma density near the BS to that near the MP. Farrugia et al. [1995] and Anderson et al. [1997] used the change in plasma β, arguing that it represented both the reduction in plasma pressure and the increase in magnetic pressure associated with depletion. Wang et al. [2004] used the quantity n/B, in an attempt to capture the depletion of plasma and the increase of flux tube area. For our analysis, we define the "depletion ratio" to be the ratio of plasma β near the MP to that near the BS. Because observations of magnetic field magnitude are more precise and of higher cadence than the plasma data, we believe that using observed plasma β provides the most sensitive measurement of plasma depletion. As Wang et al. [2004] pointed out, using β = 1 to define the thickness of a depletion layer can be misleading because in low M A environments the entire MSH can have β < 1. To avoid this problem, we identify the depletion layer as the region outward from the MP over which the calculated plasma β is less than 1/√2 of β near the BS. The PDL thickness, D, is the difference in radial distance (in MSM) from the MP to this point.
[34] Because there is no upstream monitor at Mercury, any analysis of magnetospheric processes must rely on observations from only a single spacecraft. We are therefore limited in our ability to distinguish between variations in plasma parameters due to MSH processes and those of solar wind origin. To mitigate this issue, the orbits selected for our analysis are those that exhibited the least variation during an MSH transit. In addition, we tracked the variability of each plasma or magnetic field parameter calculated for each orbit. For example, for orbit-averaged plasma β values, we used 1 min averages of FIPS and MAG data close to the MP and BS boundaries. A 1 min average of plasma data includes~5 FIPS E/q scans, and a 1 min average of magnetic field data includes~1200 MAG data points. To compute such averages, we took the mean and standard deviation of all data points to compute the orbit-averaged value and variability, respectively. This variability was added in quadrature to any plasma parameter recovery uncertainty that was determined for an individual FIPS scan to provide the most quantitative metric for plasma depletion possible given the limitations of the available data sets.
[35] Temperatures on the order of~1-5 MK will produce proton thermal speeds of~100-200 km/s. Even with up to a factor of~4 reduction in bulk speed across Mercury's bow shock and subsequent decrease towards the MP in the subsolar MSH, flow speeds of 50-100 km/s may be present, i.e., v o /v th~0 .5. As discussed in section 2.1, such flows can still result in reasonable density and temperature measurements for cases in which the flow direction is nearly perpendicular to the FIPS boresight direction. Here, we model the flow direction in the subsolar MSH as:v ¼r MSM Âr MSM Âx MSM ð Þ , i.e., a flow directed away from the subsolar point and tangential to an assumed spherical boundary. Here,r MSM is the unit vector of the spacecraft position vector in MSM and x MSM is the unit vector corresponding to the X MSM direction. With a knownv , we can estimate θ v,FIPS , the angle between the flow direction and the FIPS boresight vector. The error estimates in θ v,FIPS from Appendix A for v o /v th = 0.5 provide uncertainties in our recovered plasma parameters due to finite flow speed. These uncertainties are added in quadrature to those derived from counting statistics from section 2.1. In the subsolar MSH, the attitude of the MESSENGER spacecraft often produces θ v,FIPS~9 0°, resulting in estimates of density and temperature throughout the MSH with predicted errors of < 20%.
Data Analysis
[36] Two example MESSENGER transits through the subsolar MSH are shown in Figure 5 . On one orbit there was a prominent PDL under the condition of a quasi-perpendicular bow shock and northward IMF (Figure 5a) , and on the second there was no evident PDL for an oblique bow shock geometry and southward IMF (Figure 5b ). For both examples θ v,FIPS~9 0°t hroughout the entire MSH transit, resulting in good estimates of plasma parameters. The quasi-perpendicular case (θ BN~7 0°) with a PDL (Figure 5a ) displayed a decreasing plasma pressure in tandem with an increasing B spread in space over a large fraction of the MSH. The resulting minimum depletion ratio, the ratio of β just outside the MP to that nearest to the BS, β MP /β BS , was~0.1. The calculated solar wind dynamic pressure of~15 nPa and upstream magnetic field magnitude of~30 nT correspond to an upstream M A of~4. For this orbit, the solar wind speed was determined to be~325 km/s, corresponding to a~85 cm À3 solar wind density. The recovered plasma density just downstream of the BS is~165 cm À3 , indicating a factor of~2 density increase across the BS. In the MSH, B X~0 , consistent with magnetic field draping in the subsolar region. In addition, there is no observable jump in B at the MP. The total pressure (magnetic plus thermal) is approximately constant, consistent with extended pressure balance layer that forms due to a largely sub-Alfvénic MSH environment in which the flow velocity was low and tangent to the magnetopause.
[37] The oblique (θ BN~4 5°) shock case ( Figure 5b ) shows a nearly constant plasma density of~120 cm À3 throughout the magnetosheath from the BS to the MP. A calculated solar wind dynamic pressure of~11 nPa and upstream magnetic field magnitude of~35 nT correspond to an upstream M A~3 . For this orbit the solar wind speed was~325 km/s, giving a solar wind density of~60 cm À3 and a density compression factor of~2 across the BS. There is a small signature of magnetic flux pileup with an increase in B between the BS and MP. However, the magnetic field inside the MSH has a substantial positive B X , indicating that it is not well draped around the subsolar magnetopause, a geometry that inhibits plasma depletion. The calculated depletion ratio is~0.7.
[38] These examples illustrate the expected behavior for a PDL in which strong depletion typically occurs for welldraped northward IMF (Figure 5a ) whereas the combined effects of reconnection for southward IMF and a strong normal magnetic field at the shock inhibit PDL formation (Figure 5b ). This clear distinction is not always evident at Mercury, however, as the more comprehensive statistical study presented below shows. The statistical study is based on the recovered plasma properties for the full set of selected orbits listed in Tables 1 and 2 for quasi-perpendicular and quasi-parallel shock geometry, respectively. [39] For each orbit, we calculated plasma parameters for each FIPS scan in the MSH from the MP outward toward the BS along 75% of the MSH transit, as discussed in section 2. Near the BS and MP boundaries, plasma parameters were calculated from 1 min averages of parameters recovered closest to each boundary. The draping angle [Coleman et al., 2000; Coleman, 2005] , θ D , is the angle between the MSH magnetic field and the average MP normal vector from Winslow et al. [2013] and is 90°for a well-draped field. The shear angle across the MP, θ S , was calculated from the magnetic field direction averaged over 1 min inside the MP and the observed field direction throughout the MSH. As discussed in section 3.1, the variability of all parameters over the time-average interval was also calculated. The shock angle, θ BN , and upstream M A values were calculated with the methods introduced in section 2.3. The variation in the IMF both in magnitude and orientation was used to determine the variability of θ BN and M A . The PDL thickness, D, was calculated following section 3.1 using two values of β BS : the variability added to and subtracted from the mean value. For orbits in which the plasma β rises above 1/√2 times the full range of β BS values in a single FIPS E/q scan, there is no reported variation in the thickness.
IMF Orientation Effects on Plasma Depletion
[40] The depletion ratio is shown in Figure 6 as a function of shock angle, shear angle, and draping angle for all events under quasi-parallel (θ BN < 45°) (Table 1 ) and quasi-perpendicular (θ BN > 45°) ( Table 2) conditions. Some amount of depletion is evident for nearly every event, regardless of shock geometry (Figure 6a ). The strongest depletion occurs for well-draped fields, θ D~9 0°, implying that even for the quasi-parallel shock cases at Mercury, the field drapes around the magnetosphere (Figure 6b ). Depletion does not appear to be a strong function of magnetic shear angle at the MP, in that strong depletion occurs for both low and high magnetic shear (Figure 6c ). For the data set considered here, although IMF orientation fluctuates, the events can still be classified into a low shear (θ S <90°) or high shear (θ S >90°) events.
Upstream M A Effects on Plasma Depletion
[41] We examined the depletion ratio and PDL thickness as functions of upstream M A for both low shear and high shear events. The results are shown in Figure 7 , in which the depletion ratio and layer thickness are plotted versus upstream M A . PDL thickness is shown only for those events with depletion ratios below 1/√2, consistent with our definition of the outer edge of the PDL. The predicted thickness from Zwan and Wolf [1976] , i.e., D ≈ 1.24R MP /M A 2 , where R MP is the standoff distance of the subsolar magnetopause, is also shown. Although we rely on a different definition of D, we expect the thinnest and least depleted PDLs for high M A during high shear, and the thickest and most depleted PDLs for low M A during low shear. However, there are examples of high shear and low shear events that show strong and weak depletion for both low and high M A .
[42] An example of a thin PDL formed under a low M A (~4) and low shear (θ S~6 0°) is shown in Figure 8 . The upstream plasma conditions are similar to those of the quasi-perpendicular example shown in Figure 5a , but no substantial flux pileup or plasma depletion is observed. The upstream IMF for this orbit has a large positive B Z , and near the MP we also see evidence of a positive B X . At Earth, we would expect that the combination of a northward, anti-sunward magnetic field and a low upstream M A would maximize reconnection in the magnetic cusp [Le et al., 1994 [Le et al., , 1996 Onsager et al., 2001; Winslow et al., 2012] . For cusp reconnection, if multiple merging sites form between the MS lobe field lines and draped MSH field, such a situation will result in the formation of flux ropes that move away from the subsolar region in the east-west direction, in contrast to the north-south direction of motion associated with subsolar reconnection processes [Berchem et al., 1995] . The net effect of these reconnection processes, however, is the same: substantial amounts of magnetic flux are removed from the dayside. At Earth, both PDLs [Anderson et al., 1997] and cusp reconnection ] are nearly always observed for northward IMF, implying that cusp reconnection may not be of dynamic importance for PDL formation. However, the dominant mechanisms of magnetic flux transport at Mercury are still under investigation. Our observations may imply that cusp reconnection at Mercury and the resulting FTE showers transport greater relative amounts of flux than at Earth, resulting in inhibited large-scale PDL formation at the low-shear MP. 
Time and Length Scales of Plasma Depletion
[43] Because flow speeds in the MSH should scale with the upstream solar wind speed, [Spreiter et al., 1966; Siscoe et al., 2002] we expect that, to first order, the time for plasma to flow around a planetary obstacle scales as
[44] At first glance, this timescale may appear to be in direct contradiction with the predictions of Zwan and Wolf 1976] , by which the timescale of plasma depletion is a function of M A . This variation is shown in Figure 9a , a plot of the depletion factor from Zwan and Wolf [1976] as a function of their dimensionless time variable, t v sw /(R MP M A ). However, when this quantity is rescaled to form t v sw /(R MP ) as shown in Figure 9b , much of this variability is removed, indicating that the M A dependence of the depletion timescale is secondary to the upstream solar wind speed and the size of the planetary obstacle. From these rescaled values, we calculate an approximate depletion timescale of,
where R MP is in units of km and v sw is in units of km/s. For v sw = 400 km/s we calculate depletion timescales of~1 min and~20 min for Mercury (R MP = 1.45 R M [Winslow et al., 2013] ) and Earth (R MP = 11R E , where R E is the Earth's radius [Fairfield, 1979] ), respectively.
[45] We can compare this depletion time with residence time for a flux tube within a distance D dep of the magnetopause. Again, because the flow in the magnetosheath scales with v sw , we expect
[46] We require τ res~τdep for a depletion layer to form, resulting in D dep ∝ R MP . Here, D dep is a characteristic distance over which plasma can deplete at a planetary body. Its precise value, in general, will depend on the particular measure of depletion used. Here, we use
where the factor of 1/√2 arises from our definition of D.
[47] As discussed above, the upstream conditions, namely M A and IMF orientation, determine the range of depletion and thicknesses possible at a planetary body. However, here we see that the relationship between the amount of depletion that occurs for a particular layer thickness is to lowest order a function only of obstacle geometry. The value of such a relationship is that it enables localized measurements of the β value at the MP and at the BS to describe the large-scale behavior of solar wind flow around a planetary body.
[48] To test the validity of this relationship at Mercury, we examine the relationship between the observed depletion, β MP /β BS , and the observed thickness D. Data from all orbits, with β MP /β BS < 1/√2, regardless of upstream conditions, are shown in Figure 10 . We see that these data, on average, are well represented by a relation of the form of equation 15. To evaluate a best fit value of D dep that takes into account the uncertainties in both β MP /β BS and D, we employed a bootstrap-like Monte Carlo analysis [Hesterberg et al., 2010] . Each (D,β MP /β BS ) point was resampled from a twodimensional Gaussian distribution with mean and standard deviations corresponding to average value and uncertainties in their respective parameters. The value of D dep that minimizes the mean squared error between the resampled points and a curve of the form of equation 15 was calculated. This process was repeated for 10,000 resamplings, resulting in a distribution of best fit D dep values with mean and standard deviation of 335 km and 49 km, respectively, corresponding to D dep~0 .1 R MP . By the nature of our definition of D, we cannot characterize a depletion layer over the entire MSH (~0.5 R M ). However, we can estimate a lower bound of 0.005 for the depletion ratio at Mercury by substituting D dep = 0.1 R MP and D = 0.5 R M in equation 15.
Discussion
[49] Our findings are consistent with the Zwan and Wolf [1976] prediction that the value of upstream M A exerts an important control on the plasma depletion process. The lower the upstream M A value, the larger the possible scale of flux pileup and plasma depletion in the MSH, and other factors such as shock geometry and IMF orientation serve to modulate the thickness of the PDL that ultimately forms. A lower average upstream M A at Mercury than at Earth results in PDLs that can potentially occupy a larger fraction of the MSH. We also find examples of inhibited plasma depletion for low shear at the MP and for low M A that appear to be a specific consequence of Mercury's magnetospheric environment.
[50] Minimum variance analysis of the magnetic field at Mercury's MP reveals that the MP reconnection rate at Mercury is nearly independent of shear angle [DiBraccio et al., 2013] . The calculated MP reconnection rate at the magnetopause was further shown to increase for decreasing MP plasma β values, consistent with the view that plasmas with high Alfvén speeds transport large amounts of flux away from the subsolar region. The low β MP formed as a consequence of PDL formation promotes substantial reconnection even for low shear angles. This reconnection, however, is not sufficient to transport all of the piled-up magnetic flux in the MSH around the magnetosphere; this flux overwhelms the MP reconnection process. This pileup results in large-scale, persistent PDLs that may produce prolonged increases in the average MP reconnection rate at Mercury. [51] Observations at Earth show that plasma depletion leads to a regular evolution in temperature anisotropy, A = T ⊥ /T || À 1, and corresponding plasma instabilities . The perpendicular flux tube compression increases T ⊥ and the parallel expansion decreases T || , creating a temperature anisotropy A = 0.5 to 4 [Phan et al., 1994; Fuselier et al., 1994; Anderson et al., 1997] . This anisotropy drives electromagnetic ion cyclotron (EMIC) and mirrormode waves, which reduce the anisotropy. The net result is a marginally stable system in which A and β || fall along the threshold for the EMIC and mirror-mode instabilities; at the threshold, the anisotropy scales as A~a · β || -b
, where a~1, b~0.5, and β || = μ 0 nk B T || /B 2 [Gary et al., 1993; Fuselier et al., 1994; Gary et al., 1997] . The lower average plasma β in Mercury's MSH favors the generation of EMIC waves over mirror-mode waves because for β || < 1 the EMIC instability threshold is at lower anisotropy. Although measurements of temperature anisotropy are not available for the MESSENGER orbits studied here, fluctuations with |δB|/ B~1 are present through much of Mercury's MSH with frequencies up to~1 Hz, consistent with the expected range of observable Doppler-shifted proton cyclotron frequencies.
[52] We conclude that the observed plasma depletion processes at Mercury are analogous to those observed elsewhere in the solar system. Consequently, we expect that the length scale of plasma depletion found at Mercury, D dep~0 .1R MP , applies to other planetary systems. To examine this assertion, we summarize observations made of plasma depletion in a variety of space environments in Table 3 . For each, we have estimated the depletion ratio, β MP /β BS , and layer thickness D, and used equation 15 to calculate D dep . For Earth, Phan et al. [1994] estimated an upper and lower bound for the layer thickness. For Mars, Jupiter, and Saturn, these distances were estimated from plots provided by Øieroset et al. [2004] , Joy et al. [2006] , and Violante et al. [1995] , respectively. We also include interplanetary coronal mass ejection (ICME) events studied by Liu et al. [2006a] . For those events, the thickness was calculated from the product of the duration of the indicated PDL times and the bulk speed of the plasma, 500 km/s. Since the ICME events were observed at Earth during solar maximum, we assume a radius of curvature of~1 AU [Liu et al., 2006b] . Although extensive studies of magnetic pileup boundaries (MPBs) have been conducted at Venus [Zhang et al., 1991; Bertucci et al., 2003b Bertucci et al., , 2005 , to our knowledge there are no published plasma and magnetic field data time series that enable a calculation of MSH β as a function of distance from the MPB. As shown in Figure 11 , for all environments, the length scale of plasma depletion is closely related to the size of the magnetic obstacle, R MP . A least squares solution to these data gives D dep = 0.100 ± 0.002 R MP , where the uncertainty here is the standard error. Such a scaling allows for the comparison of depletion processes at different planetary bodies despite the large range of upstream conditions found throughout the solar system.
Concluding Remarks
[53] We have analyzed 40 events in the subsolar MSH of Mercury for evidence of magnetic flux pileup and plasma depletion. Subsolar plasma depletion occurs at Mercury for nearly all upstream conditions, with the strongest depletion effects observed for low values of M A . PDL formation is highly variable even for low M A and northward IMF, possibly as a result of enhanced reconnection and flux rope formation near the cusp, though further investigation is required to determine the dynamic coupling, if any, between the two processes. In addition, it appears that plasma depletion plays a role in magnetic reconnection at Mercury because for the MSH environment of Mercury, large-scale PDLs overlie the MP boundary with low β plasma, creating an environment that promotes the frequent, high-rate MP reconnection Figure 11 . Derived depletion scale length (D dep ) from Table 3 as a function of obstacle size for PDLs measured throughout the solar system. A least squares solution to these data gives D dep = 0.100 ± 0.002 R MP . These data indicate that the length scale of depletion at a planetary body is most strongly set by its physical size, i.e., the process is selfsimilar at all systems. Figure 8 from Liu et al. [2006a] reported by Slavin et al. [2009] and DiBraccio et al. [2013] . Finally, we find a characteristic depletion length scale of 335 ± 49 km at Mercury, equivalent to~0.1 R MP . This scale has been shown to apply to other planetary bodies throughout the solar system. These results illustrate the intrinsic value of studying Mercury's magnetosphere and its dynamics because the magnetospheric system of Mercury presents a regime of plasmas and shock conditions that are rarely observed elsewhere in the solar system. During the remainder of its mission, MESSENGER will continue to explore the distinctive plasmas and magnetic fields found in the inner solar system.
Appendix A: Plasma Density and Temperature Recovery Errors
[54] The recovery of density and temperature introduced in section 2.1 was tested with synthetic events using a forward model of the FIPS sensor. The phase space density from an input proton velocity distribution was sampled in the FIPS instrument frame with 2.5°angular resolution. Values of the zenith angle (θ FIPS ) between 15°and 75°from the FIPS boresight direction and azimuthal angle (ϕ FIPS ) between 0°a nd 360°were sampled, simulating~1.4π sr of total visibility. At each angular bin and energy-per-charge step, the number of measured events, N(E/q,θ FIPS ,ϕ FIPS ), was calculated from the phase space density distribution, f(E/q,θ FIPS ,ϕ FIPS ), using equation 1. A uniformly distributed random number between 0 and 1 was then generated. If that random number was smaller than the fractional part of the calculated N, then N(E/q,θ FIPS ,ϕ FIPS ) was increased to one plus its integer component. Otherwise, N(E/q,θ FIPS ,ϕ FIPS ) was reduced to its integer component. Integrating N(E/q,θ FIPS ,ϕ FIPS ) over all angular bins gave a synthetic E/q distribution, N(E/q), composed of only integer values.
[55] As an example, consider subsonic velocity distributions with properties typical of the subsolar MSH (n = 100 cm À3 , T = 2 MK) and the nightside plasma sheet (n = 5 cm À3 , T = 10 MK). Synthetically generated N(E/q) distributions converted to f(E/q) with equation 1 for each case are shown in Figure A1 along with the true f (E/q) distributions. The relative uncertainties at each point are determined from Poisson counting errors. For the subsolar MSH case, which is relatively cold and dense, the lowest E/q steps all contain measured events. Here, v min corresponds to the velocity of a 100 eV proton. For the plasma sheet case, which is hotter and more sparse, the lowest E/q steps do not contain measured events, leading to a v min that corresponds to the velocity of ã 250 eV proton. With a known v min , however, the calculation in equations 6 and 7 can be applied for both distributions, leading to recovered plasma parameters of n = 105 cm
À3
and T = 1.89 MK, and n = 5.15 cm À3 and T = 10.5 MK, for the MSH and plasma sheet cases, respectively.
[56] Density and temperature values were recovered from sets of synthetic velocity distributions to calculate the uncertainty in the recoveries as a function of the number of measured events in an E/q distribution. Isotropic stationary MaxwellBoltzmann distributions (equation A1), isotropic drifting Maxwell-Boltzmann distributions (equation A2), and stationary bi-Maxwellian distributions (equation A3) were used for this analysis, i.e.,
[57] Here, v th;∥ ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, and T || and T ⊥ are related to the plasma temperature by the relationship T ¼ , T = 10 MK. The true curve appears as a solid red line. Generated events (black circles) are processed and converted to phase space density. The phase space distribution corresponding to the density and temperature recovered from the synthetic events is shown as a dashed red curve. For hot, sparse distributions (i.e., the plasma sheet), particles with v < v min will not generate an event within a given accumulation time of data.
A1. Isotropic Maxwell-Boltzmann (v o = 0)
[58] Synthetic proton E/q distributions were generated from stationary (v o = 0) isotropic (T ⊥ /T || = 1) MaxwellBoltzmann velocity distributions, with densities ranging between 0.1 cm À3 and 500 cm À3 and temperatures between 1 MK and 100 MK. For each, equations 6 and 7 were used to obtain estimates of the density and temperature, and the relative error between the recovered plasma parameters and the true values was computed. The number of generated events, relative density error, and relative temperature error are shown in Figure A2 as functions of input plasma density and temperature. The recovery error for both density and temperature is observed to decrease with increasing number of measured events, N. Using the synthetic distributions with N < 500, we find that the relative density and temperature errors scale as 7.02 N À0.96 and 1.10 N À0.64 , respectively.
A2. Isotropic Maxwell-Boltzmann (v o ≠ 0)
[59] The effect of a nonzero bulk velocity on recovered plasma parameters was determined using a set of drifting isotropic (T ⊥ /T || = 1) Maxwell-Boltzmann velocity distributions with a reference density n = 100 cm
À3
, and a reference temperature T = 2 MK. These parameters were selected as reference since they will generate N(E/q) distributions with a large number of total measured events. The uncertainties introduced by a bulk plasma flow can then be examined independent of counting error. Here, the bulk flow speed v o was increased from 0 km/s to 200 km/s, past the plasma thermal speed v th~1 30 km/s, and the direction of the bulk flow varied from (θ FIPS = 0°, ϕ FIPS = 0°) to (θ FIPS = 180°, ϕ FIPS = 0°). Since the full range of azimuthal angles is visible to the FIPS sensor in this model, the choice of ϕ FIPS is arbitrary. The relative error in recovered density and temperature as a function of flow direction and magnitude is shown in Figure A3 . Figure A2 . (a) The number of generated events, (b) the relative error in recovered plasma density, and (c) the relative error in recovered plasma temperature for a set of sampled isotropic stationary MaxwellBoltzmann distributions. White space indicates that no events were generated for a given (n MB ,T MB ) distribution. The recovery errors are observed to decrease with increasing number of measured events. Figure A3 . (a) The relative error in recovered plasma density, and (b) the relative error in recovered plasma temperature for a set of sampled isotropic drifting Maxwell-Boltzmann distributions with n = 100 cm À3 and T = 2 MK. The largest errors occur when the flow speed approaches the thermal speed.
Integration of measured events over the large FIPS FOV serves to substantially mitigate recovery error due to bulk flow, with the smallest errors for low bulk flow speeds or flow directions perpendicular to the FIPS boresight direction.
A3. Bi-Maxwellian (v o = 0)
[60] The effect of temperature anisotropy on recovered plasma parameters was determined using a set of stationary (v o = 0) bi-Maxwellian velocity distributions with a reference density n = 100 cm
À3
, and a reference temperature T = 2 MK. Here, the temperature ratio, T ⊥ /T || , was varied between 0.1 and 10, and the direction of the magnetic field in the FIPS frame varied from (θ FIPS = 0°, ϕ FIPS = 0°) to (θ FIPS = 180°, ϕ FIPS = 0°). The relative error in recovered density and temperature as a function of temperature anisotropy and magnetic field direction is shown in Figure A4 . For modest temperature anisotropy (0.5 < T ⊥ /T || < 5), independent of magnetic field direction, the recovery error is <10%. Integration of measured events over the large FIPS FOV serves to substantially mitigate recovery error due to temperature anisotropy.
Appendix B: Deriving Upstream Solar Wind Dynamic Pressure
[61] The Rankine-Hugoniot jump conditions [Hudson, 1970] for a one-dimensional, planar, stationary shock with isotropic upstream and downstream plasmas are:
B n ½ ¼ 0;
ρv n ½ ¼ 0;
where [] denotes the difference between the downstream and upstream values.
[62] We can combine equations B1a, B1c, B1d, and B1e to eliminate v t
and use equation B1d to write
[63] Equations B1b and B2 can then be written as
which can be solved for the upstream dynamic pressure
wherev sw is the dimensionless unit vector corresponding to the solar wind flow direction, here assumed to be radially outward from the Sun. Therefore, under the assumption that the thermal pressure in the solar wind, P u , is small, we can use the measured magnetic field from MAG and the measured downstream thermal pressure from FIPS to estimate the upstream solar wind dynamic pressure. [65] Masaki Fujimoto thanks Nikolai Erkaev and Stephen Fuselier for their assistance in evaluating this paper. Figure A4 . (a) The relative error in recovered plasma density, and (b) the relative error in recovered plasma temperature for a set of sampled stationary bi-Maxwellian distributions with n = 100 cm À3 and T = 2 MK. The largest errors occur when the magnetic field vector is directly parallel or perpendicular to the FIPS boresight direction, i.e., θ FIPS = 0°or θ FIPS = 90°, respectively.
